PsaA (pneumococcal surface antigen A) is a S. pneumoniae virulence factor that belongs to the metal transport system. The Manganese PsaA binding has been associated with oxidative stress resistance becoming a pivotal element in the bacteria virulence. It has been shown that Zinc inhibits the Manganese acquisition and promotes bacteria toxicity. We have performed a PsaA conformational analysis both in the presence (Zn-rPsaA) and in the absence of Zinc (free-rPsaA). We performed experiments in the presence of different Zinc concentrations to determine the metal minimum concentration which induced a conformational change. The protein in free and Zn-binding condition was also studied in pH ranging 2.6-8.0 and in temperature ranging 25 o C-85 o C. pH experiments showed a decrease of fluorescence intensity only in acidic medium. Analysis of the heat-induced denaturation demonstrated that Zinc-binding promoted an increase in melting temperature from 55 o C (free-rPsaA) to 78.8 o C (Zn-rPsaA) according to fluorescence measurements. In addition, the rPsaA stabilization by Zinc was verified through analysis of urea and guanidine hydrochloride denaturation. Data showed that Zinc promoted an increase in the rPsaA stability and its removal by EDTA can lead to a PsaA intermediate conformation. These findings can be considered in the development of vaccines containing PsaA as antigen.
INTRODUCTION
The Streptococcus pneumoniae is a grampositive coccus, also known as pneumococcus, the most common human respiratory pathogen responsible for the annual death of millions of children worldwide (Kadioglu et al. 2008) . The pneumococcus colonizes the upper respiratory tract producing severe diseases in humans including pneumonia, otitis media and meningitis (Hu et al. 2013 ). S. pneumoniae has two types of virulence 2300 ANA PAULA D. ANO BOM et al. determinants, the heterogenic capsule and the conserved surface and subsurface proteins (Rajam et al. 2008) . Pneumococcal surface antigen A (PsaA) is a virulent factor, a 37 kDa lipoprotein which is hydrophobic, immunogenic and genetically conserved in S. pneumonia serotypes (Larentis et al. 2012) . The survival of pathogens inside their hosts depends on an efficient transport system of essential metals. Pneumococci possess an ATP-binding cassette (ABC) transporter cation permease encoded by the psaBCA locus (Dintilhac and Claverys 1997) . This transporter is composed of the products of three genes, two units of an ATP-binding protein (PsaB) and two units of a hydrophobic membrane protein (PsaC), and a solute-binding lipoprotein (PsaA) organized in an operon with a gene encoding PsaD, a thiol peroxidase (Novak et al. 1998 ). The PsaA protein consists of two domains α/β arranged in a twofold pseudosymmetry axis. The domains are linked by a single helix (residues 165-189) acting as a 'backbone' to the structure, antiparallel to the fourth helix (residues 143-162) of the N-terminal domain as well as parallel to the fourth helix (residues 291-308) of the C-terminal domain. The β strands within each domain form parallel sheets and a metal-binding site is formed in the domain interface by the side chains of His67, His139, Glu205 and Asp280 (Lawrence et al. 1998) .
The binding of Manganese to PsaA on the cell surface has been associated to oxidative stress resistance, during infections, and becoming a pivotal element for the bacteria growth, proliferation and virulence (Johnston et al. 2006 , Ogunniyi et al. 2010 . It has been shown that Zinc excess promotes toxicity to the bacteria because Zinc competes with Manganese for a binding to the same specific PsaA site, consequently inhibiting the acquisition of these essential metals (McDevitt et al. 2011) .
Recent structural advances analyses of X-ray crystallography have revealed a set of high resolution structures of metal free and metal bound PsaA conformations. The metal free is found as an open state conformation in comparison to the Zinc bound PsaA that is a closed state conformation, consequence of ideal tetrahedral coordination (Couñago et al. 2014) . Additionally, studies based on electron paramagnetic resonance (EPR) spectroscopy and molecular dynamics (MD) proposed structurally distinct protein conformations of metal-free PsaA, suggesting a greater flexibility (Deplazes et al. 2015) .
Zinc uptake consists of AdcBC transporter with two Zinc binding proteins, AdcA and AdcAII, while the Zinc efflux is encoded by CzcD. It has been shown that high concentrations of Zinc promote a transcriptional regulation of psaBCA via PsaR. It creates insufficient Manganese uptake (Jacobsen et al. 2011) . Recent studies have shown that Cadmium dysregulates metal homeostasis by perturbing the Manganese and Zinc uptake and efflux pathways . These studies about PsaA-metal-binding mechanism highlight the role of these metals in the cell.
In fact, the incidence and severity of airway infections is related to dietary Zinc deficiency (Brooks et al. 2004) . Moreover, Zinc deficiency increases risk of pneumococcus infection and death in mice (Couñago et al. 2014) . Studies have shown Zinc supplementation combined with vaccination significantly reduced the severity of diarrhea caused by rotavirus (Telmesani 2010), improved the efficacy of oral cholera vaccine in children (Albert et al. 2003 ) and promoted higher seroconversion rate when compared to placebo after receiving the 23-valent pneumococcal conjugate vaccine thus suggesting Zinc influence in the vaccinal protection (Braga et al. 2015) .
The present work performed a conformational analysis of PsaA recombinant protein in the presence (Zn-rPsaA) or absence of Zinc (free-rPsaA) to describe the stability of rPsaA in the presence of Zinc. Effects of chemical agents and temperature on free-rPsaA and Zn-rPsa were investigated by fluorescence spectroscopy, and the thermodynamic parameters of both zinc binding and free rPsaA were obtained. Taken together, our results showed an rPsaA conformational change upon Zinc binding characterized by an increased stability of the protein and the structural consequences of the zinc removal.
MATERIALS AND METHODS

CHEMICALS
All reagents were of analytical grade. Distilled water was filtered and deionized through a Millipore water purification system. The bis-ANS probe was purchased from Molecular Probes (Eugene, OR). Experiments were performed using the following buffers: 20 mM Tris-HCl; pH 8.0; Citrate-Phosphate (pH range 2.6 to 6.6) were prepared from stocking solutions 0.1 M Citric Acid and 0.2 M Dibasic Sodium Phosphate; and Phosphate Buffer (pH range 7.0 to 9.0) was prepared from stocking solutions 0.1 M Monobasic Sodium Phosphate and 0.1 M Dibasic Sodium Phosphate.
ANALYTICALS
The PsaA recombinant protein (comprising amino acid residues 22-310) was expressed and purified according to Larentis (Larentis et al. 2011 ). The rPsaA protein homogeneity was ascertained by SDS-PAGE 12% using increased protein concentration, while rPsaA quantification was estimated by BCA assay using BSA (1 mg/ml) as standard.
FLUORESCENCE SPECTROSCOPY MEASUREMENTS
The tryptophan and bis-ANS fluorescence spectra were recorded using a Jasco FP-6500 spectrofluorimeter (Jasco Corp., Tokyo, Japan). Tryptophan fluorescence emission spectra were obtained by setting the excitation wavelength at 280 nm, and the emission spectrum was recorded from 295 to 415 nm. Tryptophan fluorescence spectra were quantified as the center of the spectral mass (<υ>) in Equation 1,
where Fi is the fluorescence emission at wavenumber υi, and the summation is carried out over the range of measured values of F.
The dissociation constant, K D , was determined by fitting the <υ> differences against the concentration of Zinc. Data were fitted using a one site saturation ligand binding curve through SigmaPlot software.
Melting temperature (T m ), G 1/2 and U 1/2 values were obtained after chemical and thermal data fitting and first derivative measure from the respective fits. G 1/2 and U 1/2 corresponds to the concentrations of Guanidine (GndCl) and Urea, respectively, which caused 50% PsaA denaturation as verified using fluorescence spectroscopy.
Assuming a 2-state model, the molar fraction of unfolded PsaA (f D ) was calculated from the equation f= ([<υ>] -[<υ N >],)/([<υ D >], -[<υ N >],), where [<υ>] is the observed spectral center of mass at any particular GndCl concentration; [<υ N >], and [<υ D >] are the spectral center of mass of the native (folded) and denatured (unfolded) states, respectively. The free energy of folding at each GndCl concentration (∆G) was calculated from the equation ∆G = RTln(f D /1 -f D ) and then plotted against [GndCl] . Estimates of the free energy of folding in the absence of GndCl (∆G 0 ) can then be obtained by linear extrapolation method (Pace 1986) .
For experiments in the presence of bis-ANS, the excitation wavelength was fixed at 360 nm, and the fluorescence emission was collected from 400 to 600 nm. The bis-ANS measurements were expressed by spectral area ratio of bis-ANS (bis-ANS spectra area values (A)/initial spectra area value (Ao)). Experiments followed by light scattering data had an excitation wavelength at 320 nm, and the emission was collected from 300 to 340 nm. The LS measurements were expressed by the spectral area value. Experiments were carried out with different protein preparations and each data point is representative of three independent measurements. The temperatures used are described for each experiment.
CHEMICAL AND PHYSICAL DENATURATION
The rPsaA in the 0.08 mg/mL concentration was incubated at increasing concentrations of Zinc (5-500 µM) to determine the metal minimum concentration which induces a conformational change. The (Zn-rPsaA or free-rPsaA) protein stability was observed in the presence of different Urea (1-7.5 M) and GndCl (1-6.5 M) for 18 h. So as to observe the effect of pH or temperature under rPsaA, the protein samples were incubated in pH range (2.6 at 8.0) as well in temperatures from 25 o C to 85 o C.
RESULTS
CONFORMATIONAL CHANGES IN rPsaA UPON THE ZINC BINDING
In order to evaluate the role of Zinc on the structural stability of rPsaA, this protein was expressed and purified (Larentis et al. 2011). Protein homogeneity was ascertained by denaturing gel electrophoresis (MW 37,700) (Supplementary Material - Figure  S1 ). Conformational state of the purified rPsaA was verified by fluorescence spectroscopy in absence or presence of increasing Zinc concentrations ( Fig. 1a, b ). rPsaA fluorescence emission spectra, in the absence of Zinc, exhibited maximum at 330 nm, which indicates a protein native fold.
In the presence of Zinc, the fluorescence spectra presented a reduction of intensity, but we did not verify a significant red-shift ( Fig. 1a ), probably due to conformational changes close to metal binding site (Deplazes et al. 2015) or due to fluorescence quench caused by Zinc (Dunning Hottop et al. 2003) .
The fluorescence Zinc titration assay showed that the changes in rPsaA conformation started at a concentration of 5 µM of Zinc and ranged up to 50 µM (Fig. 1b) . The dissociation constant (K D ) calculated for 1:1 complexes of PsaA with Zn was 2.4 ± 0.4 µM. After this concentration, the spectral area values were maintained indicating stabilization of the structural modifications in the presence of metal ( Fig. 1b ).
ZINC BINDING INTERFERES IN rPsaA THERMAL DENATURATION
To reach a better understanding of the PsaA folding pathway, we analyzed the effect of temperature on the stability of free-rPsaA or Zn-rPsaA. We used a temperature range of 25-85ºC to verify the rPsaA conformational changes by intrinsic/extrinsic fluorescence spectroscopy and light scattering. Free-rPsaA conformational changes started at 43ºC and continued until 80ºC as verified by the decreasing values of spectral center of mass ( Fig. 2a ). Zinc binding to rPsaA promotes an expansion of the temperature range in which the protein maintains its stability. The analysis of the denaturation curve of Zn-rPsaA shows that the center of mass values changes as of temperatures above 70°C, and this denaturation process presented a minor total center of mass (CM) variation when compared to free protein (Fig. 2a ). The melting temperature (Tm) obtained for the Free-rPsaA (55 o C) and Zn-rPsaA (78.8 o C) showed that Zinc induces a more thermo-stable structure. In order to investigate whether this protein would be able to return to its native conformation after thermal denaturation we measured the fluorescence intensity at 25 o C. Under watch, the free and bound rPsaA did not return to the initial conformation ( Fig. 2a ). Also observed was that free-rPsaA presented increasing values of light scattering according to the increase in temperature, a fact evidenced by the temperatures above 50 o C. On the other hand, in the presence of Zinc, a small variation of light scattering values was observed only around 80 o C (Fig. 2b) , which is consistent with the increase thermal stability of rPsaA verified by the fluorescence analyses ( Fig.  2a) . We also used bis-ANS that have been the most frequently used extrinsic fluorescent dyes for protein characterization. This dye is hardly fluorescent in aqueous environment, but become highly fluorescent in apolar, organic solvents or upon adsorption to solid phases (Rosen and Weber 1969) . Considering the bis-ANS effects on freeand bounded protein, we observed the reduction of the spectral area (40-60 o C) for Zn-rPsaA in comparison to free-PsaA. This indicates differences in the hydrophobic surface exposure for Zn-rPsaA when compared to free-PsaA although the curve profile was very similar (Fig. 2c) .
COMPARISON OF FREE-RPSAA AND Zn-rPsaA UNFOLDING BY GNDCL AND UREA GndCl or Urea effects on Zinc-free and Zincbound forms of rPsaA at 25°C demonstrated that a different unfolding profile were assumed for each protein as verified by center of mass values. The free-rPsaA was more sensitive to a small concentration of caotropic agents than Zn-rPsaA which can also be observed by the [G] 1/2 and [U] 1/2 values extracted from the denaturation curve (Fig.  3a, b) . The [G] 1/2 of free-rPsaA and Zn-rPsaA were 0.67 M and 1.61 M, respectively. The [U] 1/2 values were also higher for Zinc-bound protein compared to free protein. The [U] 1/2 of free-rPsaA and Zn-rPsaA were 2.15 M and 4.63 M, respectively. These data indicate higher protein stability in the presence of Zinc. Although for both free-and Zn-rPsaA there are different concentrations of GndCl that result in protein conformational modifications, the final center of mass value for both free-and bound form of rPsaA protein were very similar ( Fig. 3a, b ). After dilution of the unfolded rPsaA to subdenaturing concentrations, or the removal of GndCl by ultrafiltration, we verified that the spectral center of mass returned to a value close to the initial one (data not shown). rPsaA stability increase can also be observed by comparing the ANA PAULA D. ANO BOM et al.
Figure 2
-rPsaA temperature effect in presence of 50 μM Zinc (square) and absence of Zinc (circle). The samples were monitored at intervals of 3°C, kept on 10 minutes at each temperature. a) The free or Zinc-bound rPsaA was submitted to increasing temperatures and the unfolding was followed by center of mass values based on tryptophan fluorescence emission. The samples were excited at 280 nm and the emission was measured from 295 to 415 nm. b) The thermal curves were monitored by light scattering (LS), the samples were illuminated at 320 nm and the LS was collected from 300 nm to 340 nm. c) Normalized bis-ANS fluorescence spectral area of free-rPsaA (circle) or Zinc-bound rPsaA (square). The sample was excited at 360 nm, and the emission was measured from 400 to 600 nm. The open symbols correspond to CM values after returning to room temperature. ΔG° values in the absence (-3.28 kcal/mol) and in the presence of Zinc (-6.35 kcal/mol).
THE EFFECT OF pH ON THE rPsaA STRUCTURE
Because pH can be crucial to the growth of Streptococcus Pneumoniae (Moscoso et al. 2009 ), we verified the behavior of rPsaA in different pHs. We compared the pH curve profile of this protein in the absence or presence of Zinc. It was noted that at more acidic pHs (2.6 to 4.0) rPsaA protein shows reduced fluorescence intensity when compared to pH 7.0. From the pH range 4.5 to 8.0 the protein presents similar fluorescence spectra to those obtained at pH 7.0 (Fig. 4a ). The pH experiments analyzed by center of mass values for free rPsaA and Zn-rPsaA practically showed similar curve profiles (Fig. 4b) .
Taking into account the protein at acidic pH, we detected different values of bis-ANS spectral area when compared free protein and Zinc bound protein. The bis-ANS fluorescence is superior in a free-rPsaA, similar to thermal denaturation data (Fig. 4c ).
EFFECTS OF GLYCEROL ON rPsaA AND EDTA ON Zn-rPsaA
In order to verify if the stabilization produced by the PsaA Zinc binding could be simulated or abolished, we performed a heat denaturation aiming to show the effect of glycerol and EDTA on free-rPsaA and Zinc bound recombinant protein, respectively. Although glycerol (20% v/v) conferred some stabilization to free-rPsaA, the thermal stabilization produced by the metal on the protein was superior, as per values of center of mass obtained (Fig.  5a ). Besides, treatment with EDTA produces an intermediate denaturation curve between the free and Zinc bound protein, even showing similarity to the final CM value of Zn-rPsaA in the presence or absence of EDTA (Fig. 5a ). In fact, the Tm value extracted from the EDTA curve (55.2 o C) was very similar to the Tm value extracted from the free-PsaA curve (55 o C). Data suggest that EDTA-treated PsaA has lower stability than Zn-rPsaA.
Light scattering experiments showed that only free-rPsaA presented higher variation of LS values when submitted to increasing temperatures when compared to free protein treated with glycerol and Zn-rPsaA in the presence and absence of EDTA (Fig. 5b ).
DISCUSSION
Pathological for humans, Streptococcus pneumoniae possesses an adhesin protein (PsaA) necessary in the initial stage of infection (Tai 2006) . This lipoprotein binds divalent metals such as Manganese, Zinc and Cadmium. The Manganese complex is fundamental to avoid the bacteria cell oxidative stress (Ogunniyi et al. 2010) . Zinc competes with Manganese by the same site in PsaA structure and carries out the protein for a more closed conformational state than Manganese (Couñago et al. 2014) . S. pneumoniae transition metal ions uptake pathway has been investigated resulting in discovery of a crescent number of conserved protein involved in this mechanism (Deplazes et al. 2015 , Shafeeq et al. 2013 , Bayle et al. 2011 . Recently, the role of PsaA and the transcriptionally PsaA repressor (psaR) in the metal transport have been demonstrated (Li et al. 2014 , Lisher et al. 2013 .
Zinc has been a WHO-recommended supplement for children with respiratory infections and in the management of diarrhea (Lassi et al. 2016) . A systematic study of conformation changes induced by Zinc metal was investigated by present work. Literature is the source when it comes to the selection of Zinc concentration. Such concentrations are reported to range from 5 μM in the nasopharynx to ~300 μM in lung tissue during the course of an infection of a mammalian host by the pathogen Streptococcus pneumoniae (Jacobsen et al. 2011) . Our findings have shown the enhancement of rPsaA structural stability promoted by Zinc. We observed conformational changes between the free-rPsaA and Zn-rPsaA based on fluorescence spectra studies (Fig. 1a, b) . The decrease in fluorescence intensity of Zn-rPsaA in comparison to free-rPsaA could be related to fluorescence quench by Zinc or due to conformational changes close to the metal binding region and the helix that act as a spring according to "spring-hammer" like mechanism for metal ion binding (Couñago et al. 2014) . This model displays a combination of metal ion geometry and the distortion of helix linking the N-and C-terminal lobes of the protein .
These findings are also corroborated by Deplazes et al. (2015) , who point to the higher flexibility and conformational dynamics of metal-free PsaA in solution. Therefore, our study corroborates the literature data in relation to the conformational change caused by Zinc in PsaA evidencing the importance of Zinc in metal transport by PsaA and toxicity to bacteria.
Since the conformation of a protein is intrinsically related to its stability, we have used physical and chemical agents to induce rPsaA denaturation. Here we show that Zinc binding leads to stabilization of PsaA against Urea, GndCl and temperature-induced unfolding (Figs. 2, 3) . We verified that Zinc binding promotes an increase in Tm from 55 o C (free-rPsaA) to 78.8 o C (Zn-rPsaA) according to fluorescence spectral measurements and light scattering ( Fig. 2a, b ). Consistent to our study, thermal stability from 62 o C to 72 o C for Zn-rPsaA in comparison with free-rPsaA was also demonstrated by Mc Devitt (McDevitt et al. 2011) using differential scanning calorimetry (DSC). Additionally, our light scattering data showed that PsaA aggregation in high temperatures is inhibited in the presence of Zinc (Fig. 2b) .
Similarly, Zn-rPsaA incubated with the same concentrations of Urea and GndCl showed more resistance to conformational changes than free protein. In this context, Zn-rPsaA supported higher urea and GndCl concentrations (U 1/2 = 4.63 M; G 1/2 = 1.61 M) than the free rPsaA (U 1/2 = 2.15 M; G 1/2 = 0.67 M) ( Fig. 3a, b) . Probably, the great stability reached by the complex Zn-rPsaA might be due to the ideal tetrahedral metal coordination demonstrated by Couñago in their X-ray crystallography studies (Couñago et al. 2014) .
We have noted that both free-rPsaA and Zn-rPsaA were not sensitive to the pH range 4.5-8.0, both showing similar fluorescence spectra (Fig. 4a,  b) , whereas in acidic pH, both proteins presented different fluorescence spectra, but the native protein conformational state was maintained at neutral and basic pH (Fig. 4a, b ). Our results are in agreement with those obtained by Iyer (Iyer et al. 2012 ) that showed a change in the content of PsaA secondary structure at acidic pH (pH 3 and 4). We also observed that in room temperature and acidic pH (pH 3 and 4), the rPsaA treated with bis-ANS showed an increase in exposure of hydrophobic sites in rPsaA in relation to neutral and basic pHs, indicating a conformational change of this protein in those pHs (Fig. 4c) .
In fact, Streptococcus pneumoniae faces a range of potentially acidic conditions in the middle and late stages of growth in vitro and in several human fluids during the infection process and in biofilms present in the nasopharynx of the carriers (Donlan and Costerton 2002) . Streptococcus pneumoniae has different expression patterns in response to low pH that indicate acid tolerance response (Martin-Galiano et al. 2005) . A similar expression profile could occur in vivo during the infection or in the transmission processes in the carrier. Moreover, physiological changes due to pH decrease have been reported for Streptoccocus mutants during biofilm growth in the dental plaque formation process (Svensäter 1997) .
We also tested the effect of the glycerol as a stabilizer on rPsaA and the metal chelator EDTA on the Zn-rPsaA. Indeed, the intracellular environment is densely packed with macromolecules and this is referred to as macromolecular crowding (Mourão et al. 2014 ). The excluded-volume effect promoted by crowding has been demonstrated to interfere with the stability of macromolecules (Minton 2005) . For that reason, it was verified whether there would be differences in the stability of PsaA in the presence of glycerol when compared to PsaA and Zn-PsaA. Our fluorescence and light scattering data demonstrated that the treatment with glycerol was partially able to protect the rPsaA from thermic denaturation, presenting a lower center of mass and light scattering variation than that observed with the protein in the absence of Zinc (Fig. 5a, b) . The thermal stability reached by Zinc was higher than glycerol probably because the glycerol acts in macromolecular crowding of the protein, i.e. on protein environ while the Zinc binding can change the protein conformation. The results obtained by rPsaA metal chelation analysis performed by fluorescence, using 5 mM EDTA (McDevitt et al. 2011) showed an intermediate fluorescence curve between free-rPsaA and Zn-rPsaA, probably due to the partial recovery of the denaturation profile of the free-PsaA, exemplified by the close values of Tm. One possibility would be the effect of EDTA on PsaA structure, preventing the complete recovery of the denaturation profile of free-PsaA, this fact was observed in CBP/p300 C/H1 domain study (Matt et al. 2004) (Fig. 5a ). The same light scattering variation of Zn-rPsaA and of this protein incubated with 5 mM EDTA are indicative that the chelating agent was not sufficient to reverse the effect of the divalent transition metal on rPsaA (Fig. 5b ) which indicates the formation of an intermediate conformation of the rPsaA. These findings could be considered in vaccine development containing PsaA as antigen once the PsaA conformational change caused by zinc removal could lead to the unpredictable immunogenic consequences such as the loss of immunization efficiency against Streptococcus pneumonia.
Data related to rPsaA conformational analysis is significant to improve the structural understanding of this protein when bound to Zinc and its biological implications. Additionally, due to a continuing increase of S. pneumoniae antibiotic resistance, the search for a better vaccine or other drug target against the microorganism is ongoing. In this context, PsaA remains a potential candidate for the development of a protein-based vaccine against the infectious bacteria. Overall, our studies raise the discussion about PsaA structure analysis and Zinc binding and removal effects on rPsaA. 
